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ABSTRACT 

This paper describes the design, calibration, and operation 

of a magnetic spectrometer for particle astronomy. The 

spectrometer consists of a cryogenic magnet, optical spark 

chambers, scintillation detectors, and associated elec- 

tronics. The instrument has been flown in a balloon 

gondola to 4.8 qrams/cm2 residual atmosphere, where it 

was used to analyze the charge and differential rigidity 

spectra of primary nuclei from 5 to 100 GV/c. 

* This work was supported in full by NASA Contract NAS 9-7801. 

** Present address: Danish Space Research Institute, Lyngby, 
Denmark. 



INTRODUCTION 

For many years, the energy of cosmic ray particles has been measured 

using calorimetric techniques. In such experiments a particle deposits 

its energy in a detector with alternating scintillator and absorber 

layers, and the emitted Sight in the scintillators is measured. Good 

energy resolution can be obtained with this technique, provided that a 

large fraction of the particle energy is deposited in the sensitive 

portion of the calorimeter. However, very heavy absorbers between the 

sensitive layers are required to measure high energy nuclear cosmic rays, 

resulting usually in approximately 25 percent energy resolution, comSiEed 

with the disadvantage of a very heavy experimental package. 

Terrestrial experiments have used magnetic spectrometers for a EOQ? 

time, but these conventional magnet systems were very heavy and required 

sustained power, and thus were impractical for balloon experiments. 

By 1963, practical magnetic spectrometers could be made with super- 

conducting magnets. At this time Luis Alvarez suggested that, since 

light-weight magnetic spectrometers were feasible, they could be applied 

to high-energy cosmic ray experiments. Furthermore, this technique would 

provide a unique means of measuring the sign of the charge of the cosmic 

ray particles, thus permitting separation of electrons from positrons and 

of matter from anti-matter. Since that time, several small permanent 

magnetic spectrometers for balloon-borne cosmic ray experiments have been 

described in the literature. ' 

The following text describes a spectrometer which uses a single coil 

to make a small superconducting magnet (SSCM). The spectrometer utilizes 

four sets of optically viewed spark chambers to define the particle 



t ra jec tory  i n  the magnetic f i e l d .  The chambers are  tr iggered by a three- 

fold  coincidence from three p l a s t i c  s c in t i l l a to r s .  The pulse heights from 

these s c i n t i l l a t o r s  and from a pa i r  of cesium iodide c rys ta l s  are used t o  

determine the  charge of the  pa r t i c l e .  The pulse height data are digit- 

ized and displayed on a l i g h t  panel photographed by the  spark chamber 

cameras. An automatic measuring machine measures the  60,000 photographs 

accumulated during an experiment. 

A balloon f l i g h t  of t h i s  apparatus was made on September 18, %970, 

t o  measure the  spectra of cosmic ray nuclei with charges ranging from 

protons t o  iron. A search fo r  anti-nuclei  events was made in  these data. 

The physics r e s u l t s  from t h i s  f l i g h t  w i l l  be reported elsewhere. The con- 

f igurat ion chosen fo r  t h i s  f l i g h t  had a geometry factor  of 660 em2 sr 

with an average l i n e  in tegra l  of 5 kG-m. However, care must be used i n  

employing these specif icat ions  because the r i g i d i t y  (p/Z) resolution 

varied over the surface of the  detectors due t o  the  non-uniform magnetic: 

f i e ld .  A knowledge of the  charac te r i s t i cs  of the  instrument w i l l  be 

helpful  t o  readers c r i t i c a l l y  evaluating our r e su l t s ;  a description o f  

these charac te r i s t i cs  i s  the  object  of t h i s  a r t i c l e .  

OVERALL DESCRIPTION OF THE INSTRUIYENT 

The superconducting magnetic spectrometer was designed t o  analyze 

the  r i g i d i t y  of pa r t i c l e s  up t o  100 GV/c. This design f igure  was based 

upon a current of 100 amp i n  the magnet and an overal l  accuracy of 

20.2 mm i n  the  location of the  tra-jectory i n  each of the  four spark 

chambers. 

The momentum of each pa r t i c l e  was determined by measuring the Loca- 

t ion  of the  t ra jec tory  with op t ica l  spark chambers a t  two planes 25 m 



apar t  above the magnet, and again a t  two planes below. Therefore, the  

t ra jec tory  had three  constra ints  allowing a goodness-of-fit t o  be calcu- 

l a ted  f o r  the  momentum of each pa r t i c l e .  The magnetic f i e l d  a t  any 

point  along the t ra jec tory  was computed using a superposition of 48 

simple current loops approximating the  c o i l  geometry. Checks by "mppinq" 

the actual  f i e l d  of the  magnet showed the  Pine integral  was calculated 

by t h i s  technique correct  t o  within a few percent fo r  any t ra jec tory ,  

Figure 1 shows the 24-inch-diameter magnet, cen t ra l ly  located I-q a 
1 

spherical  aluminum she l l  housing the  experimental apparatus. The ca i l  

was placed along a diagonal of the  spark chambers so t h a t  the l i g h t  pipes 

of the  detectors  on e i t he r  s ide  of the  magnet could be kept out of t h e  

spark chamber mirrors'  op t ica l  path. These s c i n t i l l a t i o n  detectors ksic?e 

the  magnet (S2 l e f t  and S2 r i g h t ) ,  along with one 75 cm above the  magxae"c 

center (S 1 and another 75 cm below IS3) provided a coincidence t r igger  
1 

f o r  the  spark chambers. Anticoincidence detectors on e i t he r  side of the  

magnet could be used t o  eliminate t r igger ing on those events which had 

pa r t i c l e s  passing through the  magnet. The t r i gge r  r a t e  on pa r t i c l e s  of 

charge three  and greater  was about e ight  times higher when the anti-. 

detector was not included i n  the  t r igger  c r i t e r i on .  Examination of these 

events showed they were mainly due t o  secondary pa r t i c l e s  operating the 

t r igger  counters. 

All the  photomultiplier tubes viewing the  detectors  were located 

near the  periphery of the  gondola, where the  magnetic f i e l d  was lowest, 

The axis  of each tube was placed nearly perpendicular t o  the magnetic 

f lux  t o  fa .c i l i t a te  the shielding operation. Adiabatic l i g h t  pipes 

carr ied the s c i n t i l l a t i o n  l i g h t  from the detectors  t o  the photomultiplier 



tubes. Pulse height analysis was performed on the photomultiplier o u t p i i t  

s ignals ,  using l inear  gate c i r c u i t s  plus analog-to-digital converters. 

The mirror system viewing the spark chambers occupied two sides of 

the  supporting frame, and the  op t ica l  path t o  the  cameras passed along 

the other two sides.  The spark gaps for  t r igger ing the  spark chambers 

were located on one side of the  frame not occupied by the mirrors; the 

helium reservoir  was on the  remaining side. Two redundant high-speed 

electronic  systems, which performed the  detector logic ,  were located 

beneath the gondola frame along with the power supplies and d i g i t a l  data 

processing system. 

The l iqu id  helium supply and vent system for  the magnet extended an 

two tubes out beyond the  main frame and then passed up through the eocclg~la 

she l l .  The boil-off stack allowed the  helium gas t o  vent through t~hro 

absolute pressure r e l i e f  valves t o  the  outside. Liquid helium could also 

be added t o  the reservoir  through the  vent stack a f t e r  the she l l  w a s  

placed on the  apparatus. The gondola could therefore be closed and t h e  

magnet be charged, and the  experiment could remain i n  a flight-ready 

condition fo r  many days. The expendables, such as  spark chamber gas, 

could be supplied from outside through f i t t i n g s  i n  the  equatorial  f lange 

j u s t  before launch. 

Pr ior  t o  f l i g h t ,  the  gondola she l l  was purged with dry nitrogen 

gas and then sealed t o  maintain a constant gas density. A nitrogen 

gas make-up system would have provided more gas a t  the  r a t e  of 1 2  cubic 

f e e t  per hour i n  the event a leak i n  the  she l l  had occurred. 

The radio command and telemetry system was hung below the gondola 

i n  order t o  f a c i l i t a t e  access a f t e r  the  gondola she l l  was closed, and 

a lso t o  escape the more intense mametic f i e l d .  The telemetry provided 



a continuous real-time monitor of command states, housekeeping data. 

detector counting rates, digital bit strings with pulse height data, 

camera operation, and a Loran C repeater. Redundant parallel channels 

in both telemetry and command receivers insured control of the experi- 

ment. Housekeeping channels recorded various temperatures, pressures, 

and voltages, so any potential malfunctions could be detected and the 

flight profile be altered accordingly. The vital portions of the elec- 

tronics system were designed with parallel redundancy, so if a maUfur,c+ion 

were detected using the housekeeping or physics telemetry, the bad system 

could be turned off and the alternate system commanded into operation, 

Table I gives a list of the specifications for our apparatus. The 

overall weight was 4,000 pounds, including balloon control electronicq- 

A flight with this gondola was made to 4.8 g/cm2 residual altitude with 

a 20-M-cubic-foot balloon. The altitude was a good match to the material 

in the gondola (6.9 g/cm2) . After data-taking was complete, the balloon 

was valved down to an 80,000-foot altitude. Then the gondola payload was 

released onto its parachute and recovered having suffered only minor 

damage in the landing. 

SPECTROMFTER 

Magnet 

Generally speaking, the design criterion for the magnet was a i?axi- 

mization of the line integral-geometry factor (kilogauss-meters-square 

centimeters-steradians) with a 2-foot-diameter, 400-pound magnet and 

cryostat. Helmholtz coils were investigated first. Pairs of coils, 

however, have the decided disadvantage that a supporting structure w o u l d  

be necessary to keep the coils apart. A support structure between the 

coils would complicate the design :~y its need to protrude througl~ t5e 



vacuum walls.  Sence, t h e  c ryos ta t  would have t o  be b u i l t  over the  

e n t i r e  assembly and t h i s  would increase t h e  weight. Furthermore t h e  

Helmholtz configurat ion would not  use t h e  f i e l d  outs ide  the  c o i l  palr  

and thus  seemed wasteful.  For these  reasons, we e lec ted  t o  u t i l i z e  

both s ides  of a s ing le  c o i l  i n  order t o  g e t  a maximum l i n e  in tegra l -  

geometry f a c t o r  f o r  a f ixed weight. 

Niobium-titanium superconducting wire with copper cladding was used 

f o r  t h e  c o i l .  This wire had a unique oxide insu la t ion  developed by 

Super-Magnetics. The t h i n  oxide insu la t ion  allowed b e t t e r  cooling o f  

the  wire by t h e  l i q u i d  helium than would conventional insula t ion.  

Furthermore, it permitted t h e  wire t o  be more densely packed on t h e  coile 

The wire had a 30-mil OD and a 15-mil core of niobium-titanium. A sbor: 

sample of the  wire sustained 150 amp a t  l i q u i d  helium temperature i n  a 

60-kG f i e l d .  

The w5re was wound on an aluminum c o i l  form, which was perforated 

with holes an$ mil led with grooves t o  allow the  l iqu id  t o  g e t  t o  the 

wire c o i l ,  and t o  a i d  t h e  helium gas i n  i ts  escape. The c o i l  fonn v~as 

a spool with 3/8-inch walls  having a 12-inch I D ,  24-inch OD, and 

2-l/2-inch-wide wire space. This aspect  r a t i o  was chosen because it 

gave a maximum average l i n e  i n t e g r a l  over a 7- by 20-inch area  beside 

it. The wire was wound 12,800 tu rns  on the  spool with f i b e r g l a s  c lo th  

between each 75-turn layer .  I n  p r inc ip le ,  t h i s  c o i l  could be charged 

t o  108 amp before the  innermost tu rns  of wire would exceed t h e i r  s h o r t  

sample L i m i t .  The m a p e t  was once charged t o  105 amp before it t ran-  

s i t ioned ,  but  t y p i c a l l y  we charged it t o  only 100 amp. Operational 

d i f f i c u l t i e s  i n  charging t h e  magnet f o r  our f l i g h t  caused us t o  

compromise on our design spec i f i ca t ion  f o r  the  data-taking, and f'y 

the  magnet charged only t o  70 amp. 



Figure 2 shows t h e  l ine - in tegra l  provided by the  s ing le  c o i l  when 

charged t o  BOO amp, when a 7- by 20-inch area  on each s ide  of the  rnaqqet 

is  used. For experiments where a smaller geometry fac to r  could be 

t o l e r a t e d ,  a s  when measuring t h e  proton spectruml the  usable area could 

be reduced t o  give a higher average l ine- in tegra l .  For example, usFng 

a geometry f a c t o r  of only 20 cm"r, we could obta in  our capacity of  

60,000 proton t r i g g e r s  i n  a 10-hour f l i g h t ,  and the  average Line ineegral  

would be increased t o  8.5 kG-rn. (This assumes a proton i n t e g r a l  f lux  

of 0.08 events per  cm2 sr sec above a 4.6 GV/c geomagnetic cutoff  ,I 

The magnet was charged through two 10-foot leads of l/4-inch copper 

tubing. These were sp i ra led  around i n  t h e  boil-off s tack,  thus o f fe r ing  

a l a rge  cooling a rea  f o r  t h e  boil-off gas. These leads  were connecreZ 

i n  p a r a l l e l  with a small c o i l  of superconductor ca l l ed  the  "persistency 

switch." During the  charging operat ion t h e  pers is tency switch was kept 

"normal" (not  superconducting) by heating a nichrome wire threaded bet~~ieen 

t h e  tu rns  of the  superconductor. When an external  voltage,  V ,  was appliecsl 

t o  the  charge l eads ,  t h e  switch conducted very l i t t l e  current  and the 

magnet accepted cur ren t  a t  the  r a t e  dZ/dt = V/L, where the  inductance, L, 

was about 65 henries.  When t h e  des i red  current  i n  the  magnet was reached, 

the  charging voltage was reduced u n t i l  zero voltage was l e f t  across t h e  

pers is tency switch. The external  power supply s t i l l  had a voltage on it 

due t o  the  charge-line res i s t ance .  The switch heater  was then turned 

off  and the  l i q u i d  helium cooled t h e  switch, making it superconducting, 

F ina l ly ,  the  external  supply was switched o f f ,  forc ing the  magnet current 

through the  switch. Shunted by t h i s  switch, the  magnet has run f o r  over a 

week without detec table  loss of current .  



Cryostat 

The magnet cryostat  was designed so the  f i e l d  on both sides of the 

c o i l  could be u t i l i zed .  Furthermore, the  vacuum space and wall thick- 

ness around the  magnet were minimized t o  make the usable area close t o  

the  wire. Figure 3 shows the r e s u l t  of t h i s  design. Since only a h u t  

10 l i t e r s  of helium were contained around the  magnet, a reservoir  was 

necessary elsewhere t o  provide the capacity fo r  a 10-hour f l i g h t ,  The 

t o t a l  l iqu id  capacity was 45 l i t e r s ,  which las ted 16 hours with our 

boil-off ra te .  A connecting tube a t  the  bottom of the magnet provided 

f o r  l iqu id  flow, and another tube a t  the top allowed boil-off gas t o  

escape. The two charge leads from the magnet went through the lower tube 

t o  the  persistency switch located beneath the reservoir .  

The c o i l  form and magnet helium f lask  were fabricated from alumi~un 

f o r  good heat conduction. The remainder of the helium f lask  including 

the  reservoir  and boil-off tube were made of s ta in less  s t e e l  t o  mivirrize 

the heat loss  through the  tube. Two vacuum-brazed jo in t s  were used a t  

the  magnet end of the  cross tubes t o  join the  aluminum and s t a in l e s s  

portions of the  helium f lask.  A l l  jo ints  i n  the  inner f l ask  were welded 

o r  soldered except f o r  a copper gasket located a t  the top of the boil-off 

tube. 

About 65 layers of "superinsulation"" were wrapped around the l?e$ium 

f lask  (inner vaculxn wall) t o  reduce radiat ive  heat  loss.  Each layer cop-- 

s i s t ed  of a 114-mil mylar sheet ,  aluminized on both s ides ,  and a sheet 

of nylon br ida l  net .  The nylon br ida l  net  prevented layer-to-layer heat 

shor ts  because it touched the  aluminized mylar only a t  the thread inter-  

sections. S l i t s  were cut  i n  the mylar t o  l e t  gas escape t o  a id  evacua- 

t ion.  A vacuum of  SO-^ Torr or  less was required for adequate insuiai-io?;  



however, oncd l i q u i d  helium was pu t  i n  the  f l a s k ,  the  vacuum space was 

quickly cryopumped so t h a t  Torr o r  l e s s  was typ ica l .  

When a vacuum of l o m 4  Torr o r  l e s s  was reached i n  the  vacuum space, 

the  magnet could be cooled. P r i o r  t o  cooling the  magnet, a l l  condensable 

contaminates were removed from the  helium f l a s k  by pumping on it for 

severa l  hours. I n  p a r t i c u l a r ,  it was important t o  remove moisture From 

t h e  wi re ' s  hygroscopic insula t ion .  Then the  f l a s k  was back-fi l led with 

dry ni trogen gas ,  and l i q u i d  ni trogen was t r ans fe r red  t o  pre-cool the 

magnet. Several  hours of soaking brought the  magnet t o  80 OK, whereupon 

the  l i q u i d  ni trogen was removed and t h e  f l a s k  was again evacuated t o  

remove a l l  ni trogen.  Af ter  back- f i l l ing  t h e  magnet space with d ry  helium 

gas,  l i q u i d  helium could be t r ans fe r red  i n t o  the  f l a sk .  A 3- o r  4-how 

soak was required t o  br ing  t h e  magnet t o  4.2 OK before it could be 

charged. The magnet could remain charged even when the  helium rese rvo i r  

was almost empty and only 13 inches of l i q u i d  remained i n  t h e  magnec f l a sk .  

The magnet could be operated f o r  11 hours on one f i l l i n g .  After t h ~ s  

time it e i t h e r  had t o  be turned o f f  o r  the  helium replenished,  t o  prevent 

a t r a n s i t i o n .  

Elec t ronics  and Telemetry 

Figure 4 shows a schematic diagram of t h e  t r i g g e r  e l ec t ron ic  system. 

A t r i g g e r  was permitted only when coincident  pulses  occurred f o r  all 

t h r e e  of t h e  tricJger s c i n t i l l a t o r s  S (S2 l e f t  o r  S r i g h t ) ,  and EL3. 
1 ' 2 

Attenuators  between photomult ipl iers  and d iscr iminators  i n  each of these 

t r i g g e r  inputs  enabled us t o  s e l e c t  t r i g g e r  thresholds by ground eoAmand. 

We had t h e  options of t r i g g e r i n g  on a minimum charge on one, two, or 

three .  In  addi t ion ,  we had command contro l  over t h e  anticoincidence 



scintillator, which could. be included or excluded from the trigger crite- 

rion. A gate generator in each trigger system imposed a dead time betweec 

triggers to allow time for the cameras to photograph the spark chanT~ers, 

data board, fiducial lights, and a clock, and. then advance the filfn. The 

dead time for our flight was set at 218 msec. 

The particle's time of flight in passing between detectors S and S 
1.. 3 

was measured by a time-to-analog converter, followed by an analoq-tc- 

digital converter for data board display. This measurement provided a 

rejection of events in which an albedo (incident from below) parti-cle 

might simulate an anti-matter (negatively charged) event. The lC-ananosec 

timing difference between these two types of events was sufficientl-y 

greater than the 4-nanosec half-width of the timing distribution fc,r  

normally incident particles, so that we had 99 percent rejection a~ainst 

albedo events. 

Redundancy played a major role in our electronics design. We liad 

two complete electronic trigger systems, either one of which was capaSXe 

of proper data-taking. The telemetry provided a monitor of trigger rates 

for each trigger system, both before and after the action of the gate 

(dead time) generator. Ground-controlled switching provided separax 

control over each trigger system. The singles rates of each scintillatcr 

were also telemetered through a slow sampling circuit. We had separate 

radio control over individual phototubes. If the trigger or singles 

rates indicated a faulty phototube, we could command it OFF, The SL 

and S detectors each had two photomultiplier tubes with their output 
3 

pulses added, so commanding one OFF would merely have changed the thresh- 

old. Commanding OFF one of the S photomultipliers would have reduced 
2 

the geometry factor Sy one-half but left the thresholds unchanged, I n  

any case, a total failure would have been avoided. 



Power fox the  gondola was supplied by four ba t t e ry  packs. Two sees 

of S i lve rce l s ,  containing 200 amp-h each a t  28 V ,  supplied power to 

the  constant-current por t ion  of t h e  e lec t ronics .  Two o the r  packs of 

PO0 amp-h c e l l s  provided t h e  power f o r  the  pulsed systems, such as  carnerzs, 

spark chamber power suppl ies ,  and data  board l i g h t s .  Six hundred watts 

t o t a l  were d i s s ipa ted  during our f l i g h t .  The redundancy concept of des'gn 

was extended t o  t h e  b a t t e r y  hook-up so the  f a i l u r e  of any s ing le  battery 

pack would not r e s u l t  i n  t o t a l  l o s s  of data.  

Table I1 shows t h e  normal t r igger ing  r a t e s  a t  a l t i t u d e  f o r  the  

various t r i g g e r  m d e s .  I n  each case ,  the  gated t r igger ing  r a t e s  were what 

one would expect from the  ungated t r i g g e r i n g  r a t e  and t h e  218 msee dead 

time. A scan of t h e  events a f t e r  t h e  f l i g h t  showed t h a t  about half  af 

t h e  t r i g g e r s  were good events,  f o r  the  data  taken with the  anticoinci2ence 

s c i n t i l l a t o r  i n  the  t r i g g e r  c r i t e r i o n .  Almost a l l  t h e  ext ra  trigger's 

added by excluding the  anticoincidence had various background topologies. 

For the  t r i g g e r  logic  u n i t s ,  we se lec ted  severa l  standard N I M - " s t y l e  

c i r c u i t s  which met our spec i f i ca t ions  f o r  magnetic i n s e n s i t i v i t y ,  kew 

power d ra in ,  and good thermal performance. Most of the  u n i t s  had to be 

modified to  provide b e t t e r  spark chamber noise suppression. 

Spark Chambers 

The o p t i c a l  spark chamber areas  and gap spacings a r e  given i n  Table 1, 

The 1/4-inch-thick p l a t e s  were constructed from polyurethane foam w i t h  

0.004-inch-thick aluminum f o i l  glued t o  both s ides .  P a r a l l e l  p l a t e  grass 

was used f o r  t h e  spa.rk chamber windows. A module consisted of a high 

voltage p l a t e  with a ground. p l a t e  on each side.  Gas i n l e t  and outlet ports 

were located on opposite corners of each spark chamber gap f o r  a continucus 



flow of neon-helium gas. Each of the  four spark chambers consisted of 

a p a i r  of modules put together with a wedge-shaped piece of Textoli te 

so the  camera could view through t o  the rear  of each mdule .  Four such 

spark chambers (16 gaps t o t a l )  were used t o  define the pa r t i c l e  trajec- 

tory a s  it traversed the  magnetic f i e ld .  

A gas mixture of 90 percent neon and 10 percent helium flowed con- 

tinuously through the  spark chambers a t  the  r a t e  of 0.5 cu ft /h.  The 

flow was controlled by a pa i r  of f0.2 p s i  pressure transducers actuating 

a p a i r  of solenoid valves. The d i f f e r en t i a l  spark chamber pressure was 

maintained between 0.3 and 0.5 nun Hg. The use of redundant transducers 

and valves prevented a single f a i l u r e  from being able t o  rupture zhe 

chambers. 

Figure 5 shows the  redundant scheme used t o  power the spark chcmbecs. 

Alternate nodules were pulsed by d i f f e r en t  spark gaps which were, i n  frrrn, 

supplied by separate power supplies, which were, i n  turn,  supplied by 

separate ba t te r ies .  Should a single f a i l u r e  have occurred, the worst 

consequence would have been the  loss  of half of the spark chamber gaps, 

and the r i g i d i t y  resolution would have become worse by a factor  of J 2 ,  

but the experiment would not have been a t o t a l  f a i l u r e .  

When the t r i gge r  e lect ronics  had made a decision t o  t r i gge r ,  i t  

sent  two 0.7-V logic-level t r igger  pulses t o  the t r igger  inputs for the 

spark chambers. Here each t r igger  pulse was amplified t o  about L kV by 

a Marx generator employing avalanche t rans i s to rs .  Then a spark gap wzth  

a barium t i t a n a t e  t r i gge r  electrode amplified the pulse t o  9 kV. FS-nally, 

these low-power, 9-kV pulses were applied t o  the four slave spark gaps, 

which applied 10-kV pulses t o  each of the  spark chamber gaps. A dry 

nitrogen atmosphere was maintainel! i n  all spark gaps because our experiencs 



has shown t h i s  procedure lengthens t h e  l i f e  of t h e  e lec t rodes  by a Ezccor 

of 2. Several  mi l l ion  pulses  were obtained between gap cleanings;  :-ittle 

e f f e c t  on spark chamber f i r i n g  e f f i c i ency  was observed during t h i s  l i f e -  

time. The ni trogen atmosphere a l s o  increased t h e  range of high voLtagc 

allowable on t h e  gaps between spontaneous breakdown and poor t r i g g e r i n g ,  

a l l  a t  a constant  t r i g g e r  voltage.  

Optical  System and Cameras 

The mirror  system folded the  two 90-degree s t e reo  views f rov eac'? of 

t h e  four spark chambers t o  one corner of t h e  gondola frame. Two 3 5 - - r ~  

cameras s'imultaneously viewed t h e  chambers along with a da ta  board, m e  

hundred and twenty l i g h t s  on t h i s  da ta  board indica ted  the  pulse heigi~s 

i n  each d e t e c t o r ,  t h e  p a r t i c l e  time of f l i g h t ,  event number, and vzL-riolls 

command s t a t e s  involving t h e  t r i g g e r  c r i t e r i o n ,  

Twenty-two mirrors  were used t o  view t h e  chambers. However, tIie 

l i g h t  from a given spark r e f l e c t e d  o f f  only f i v e  of these  mirrors 0-1 its 

path t o  t h e  cameras. The l a r g e r  mirrors  were made from half-inch plate 

g l a s s  backed with a 2-inch-thick g lass  foam t o  give them s t i f f n e s s .  Sach 

mirror was mounted using a three-point  adjus table  support system, A 

f i d u c i a l  frame placed around t h e  spark chambers supported the  fiducia: 

l i g h t s  which appeared i n  each p ic tu re .  These l i g h t s  provided the  Local 

frame of coordinates f o r  measurement of t h e  sparks i n  each view of each 

chamber. When t h e  experiment was f i r s t  assembled, the  r e l a t i o n  betwee? 

these  l i g h t s  was c a r e f u l l y  recorded, so we could\use  them t o  reconst ruct  

t h e  spark loca t ions  i n t o  a common coordinate frame f o r  a l l  t he  spark 

chambers, and then r e l a t e  t h e  magnet c o i l  pos i t ion  t o  t h i s  same "rame, 

In  the  da ta  ana lys i s ,  s t r a igh t - t r ack  events recorded with the  maqnet 



turned o f f  provided small correc t ions  t o  take  account of changes i n  the 

f i d u c i a l  frame t h a t  might have occurred s ince  i t s  o r i g i n a l  assembly. 

I n  addi t ion  t o  the  f i d u c i a l  l i g h t s ,  t h i s  frame a l s o  held severa l  rows 

of r egu la r ly  spaced c a l i b r a t i o n  g r i d  l i g h t s  f o r  each chamber. These 

c a l i b r a t i o n  g r i d s  operated a.t regular  i n t e r v a l s  (once every 1024 fra:nesr 

during t h e  data-taking and provided a continuing c a l i b r a t i o n  of d i s t o r -  

t i o n s  i n  the  mirrors .  

The mirrors  were al igned before f l i g h t  using th ree  small Lights 

c e n t r a l l y  mounted behind small holes i n  each r e a r  f i d u c i a l  frame pare l  

and shining through a hole i n  t h e  f r o n t  panel.  These th ree  l i g h t s  were 

observed a t  t h e  two camera pos i t ions  and a t  a viewing p o r t  between the 

cameras. A small misalignment i n  any mirror  would move t h e  l i g h t  ov-: 

of view of the  observing p o r t  i n  t h e  gondola s h e l l  flange. In  t h i s  1nra.y 

a v i s u a l  check of t h e  o p t i c a l  system was made j u s t  p r i o r  t o  launching 

t h e  gondola. During f l i g h t ,  these  l i g h t s  were turned on during the  c-ali- 

b ra t ion  g r i d  p i c t u r e s  and provided a continuous check on the  op t i ca l  

alignment. 

P ic tu res  of t h e  spark chambers and da ta  board were taken with a pair  

of 35-mm  raid' cameras, which were extensively modified by us. Eac42 

camera had a nominal thousand-foot magazine i n t o  which we put  2,000 Eeet 

of 2 . 5 - m i l  mylar base f i l m  (Eastman No. SO-235). The r e s u l t i n g  capacFty 

was approximately 30,000 frames per  camera. The advance of both cameras 

was monitored by telemetry t o  check f o r  double framing o r  o ther  s igns of 

f a i l u r e .  Each camera could be commanded ON o r  OFF independently of the 

other .  The sparks i n  the  charfibers were i n s t a n t l y  recorded by the  open 

s h u t t e r  camera, then t h e  f i d u c i a l  l i g h t s ,  da ta  board l i g h t s ,  and clock 

Lights were i l luminated;  and f i n a l l y ,  the  camera was advanced. T%e 

t o t a l  time f o r  these  operat ions was about 200 msec. 



Each camera independently viewed both s t e reo  views of the  spark 

chambers, a s  well  a s  the  da ta  box and f l d u c i a l  l i g h t s .  Under normal 

data.-taking operat ion,  only one camera a t  a  time was in opera t ion ,  

allowing the  recording of a  maximum of 60,000 events.  A f a i l u r e  of oTle 

camera would only have r e s u l t e d  i n  a  reduced number of events recorded. 

Performance of t h e  Spectrometer 

The spectrometer performed almost f lawless ly  during f l i g h t ,  ' ~ c  

only d i f f i c u l t y  arose when one of the  ga te  generators  began opera tin^ 

e r r a t i c a l l y .  This f a i l u r e  gave ind ica t ions  i n  severa l  telemetry chc;im?~e:s 

and we remedied it promptly by switching t o  t h e  p a r a l l e l  log ic  s y s t e r  

When t h e  gondola was recovered and the  f i lm developed, we beg217 ezl-- 

d a t a  ana lys i s  sequence. The data  events  were automatical ly measured 

using the  LRL SASS measuring instrument. Magnet-off straight-trsc7<: 

events were reconstructed and f i t  t o  s t r a i g h t  l i n e s  i n  our analysis 

sequence. A least-squares f i t t i n g  rout ine  used the  events t o  s o L ~ e  fa-: 

nineteen parameters descr ib ing the  important components of m c e r t a i l - ~ t y  

i n  our f i d u c i a l  frame survey. The scanners a l s o  hand-measured severa l  

of our c a l i b r a t i o n  g r i d  p i c t u r e s  from each camera; these  were averaqed 

and used t o  generate a correc t ion  rou t ine  which took o u t  the  distorA:.io?s 

i n  t h e  spark chamher o p t i c s  mirrors .  The c a l i b r a t i o n s  were then ineor- 

porated i n t o  our reconst ruct ion  program and applied t o  a l l  of the  d a t a ,  

I n t e r n a l  consistency of these  c a l i b r a t i o n s  showed t h a t  our a b i l i t y  te 

recons t ruc t  the  loca t ion  of a  four-spark segment within a s ing le  chamher 

was accura te  t o  1 0 , l 4  m1 i n  r e a l  space. 

Other sources of e r r o r  were t h e  physical  j i t t e r  of the  sparks anc 

the  measurement e r r o r .  To inves t iga te  t h i s ,  we used events whose c?-1arc;e 



was aqiquely determined by t h e  recorded s c i n t i l l a t o r  pulse heights ,  The 

four-spark segments' of t h e  events were f i t  t o  a s t r a i g h t  l i n e  and the 

standard devia t ion  ca lcula ted .  The d i s t r i b u t i o n  of standard devia"Fors 

f o r  each charge had the  c o r r e c t  shape f o r  a gaussian j i t t e r  d i s t r i b u t i o ?  

of the  sparks around the  t r u e  t r ack .  Figure 6 shows the  d i s t r ibu txan  

of helium nucle i .  The long t a i l  i s  commonly seen i n  spark chamber stirc?ies 

of t h i s  s o r t .  It is thought t o  be a r e s u l t  of d-elta-ray a c t i v i t y  Ln t5e 

spark chamber gaps. I f  t h e  spark j i t t e r  is  a r e s u l t  of d i f fus ion  of t \ e  

t r a c k s ' s  ion p a i r s  before t h e  high voltage is  placed on the  spark chamber, 

it should diminish with increas ing ioniza t ion .  I n  f a c t ,  f o r  our spark 

chambers, t h e  observed j i t t e r  mean values ranged from '0.2 mm f o r  proton 

t r acks  t o  less than '0.12 mm f o r  carbon t racks .  

A magnetic spectrometer a c t u a l l y  measures the  bend angle of the 

p a r t i c l e  under analys is .  In  f i r s t  order ,  t h i s  bend angle i s  proport ional  

t o  the  " spec i f i c  curvature" ((inverse r i g i d i t y )  of t h e  p a r t i c l e .  TFLe error 

i n  s p e c i f i c  curvature is  approximately constant  over the  range of rigidlty 

measured i n  our balloon f l i g h t .  To determine t h e  resolu t ion  of the  spec- 

trometer,  we analyzed a l a rge  sample of magnet-off s t r a igh t - t r ack  events 

a s  though they were curved-track events.  These events were obtained 

with the  t r igge r ing  threshold f o r  Z 2 2.  A c u t  on the  goodness-of-fit 

parameter f o r  the  da ta  r e j ec ted  mst of t h e  low mmentum (atmospheric 

secondaries) o r  i n t e r a c t i o n  events a t  t h e  expense of no more than 

5 percent  of t h e  good straight- throughs.  Fig-ure 7 shows the  r e s u l t i n ?  

d i s t r i b u t i o n  of s p e c i f i c  curvature.  The c h a r a c t e r i s t i c  width of tbe 

d i s t r i b u t i o n  corresponds t o  a spectrometer resolu t ion  of 20.0165 Ecr/GT) 

o r  a maximum resolvable r i g i d i t y  of 60 GV/c. Monte Carlo s tud ies  

with our momentum ana lys i s  program showed t h i s  resolu t ion  could be 



explained by mult iple sca t t e r ing ,  p lus  the  e r r o r s  mentioned above. The 

unfolding of t h e  mult iple s c a t t e r i n g  contr ibut ions  showed t h a t ,  for hi93 

momentum events where t h e  mult iple s c a t t e r i n g  is  neg l ig ib le ,  the  mximun 

resolvable momentum of our instrument is  85 GV/c. However, the  worse 

spark j i t t e r  contr ibut ion f o r  protons makes the  resolut ion f o r  protons 

worse by a f a c t o r  of approximately J2. 

How well d id  t h i s  performance agree with t h e  design s p e c i f i c a t i o ? ~ ?  

The o r i g i n a l  design f igure  of a  maximum detectable  mrnentum (MDM) of 

100 GV/c was based upon a current  of 100 amp i n  t h e  magnet and a spar? 

chamber accuracy of 0.2 mm. We flew with only 70 amp i n  the  magnet but 

achieved a s p a t i a l  accuracy of 0.16 mm, r e s u l t i n g  i n  our experimental 

MDM of 85 GV/c. 

CHARGE MEASURING SYSTEM 

Detectors 

The spark chamber t r i g g e r  pulse a l s o  i n i t i a t e d  a pulse heigbt  analysls 

system t h a t  recorded t h e  pulse heights  from the  S and S p l a s t i c  t r i q g c r  
1 3 

s c i n t i l l a t o r s .  I n  addi t ion ,  it analyzed t h e  pulses from a p a i r  of eesiua 

iodide (sodium-doped) c r y s t a l s  placed j u s t  above the  S s c i n t i l l a t o r s ,  
2 

as shown. i n  Figure 3 .  Each cesium iodide de tec to r  was a mosaic of fonr  

5- by 7-inch by l/8-inch-thick c rys ta l s .  The pieces were immersed in a 

s i l i c o n e  o i l  with a high index of r e f r a c t i o n ,  and glued i n t o  a lucite box 

of t o t a l  thickness 91'16 inch. The box was wrapped with aluminum f o i l  an6 

black tape,  a s  f o r  a  p l a s t i c  s c i n t i l l a t o r ,  and viewed through an adia- 

b a t i c  l i g h t  pipe. 

With t h e  spark chamber information ava i l ab le ,  one could i n  prlatiole 

a-r-e cor rec t  even t h e  most nonuniform s c i n t i l l a t o r  f o r  pos i t iona l  depe~d,  



of pulse height. However, it was advantageous to reduce the positional 

dependence to a minimum. In S and S this was accomplished by viewing 
1 3 

each scintillator with a pair of phototubes through long adiabatic 

light pipes from opposite ends. The pulses from the pair of tubes on 

each scintillator were added and the sum was then split to go to the 

trigger system electronics and to the pulse height analysis electroni:~, 

The detectors were "mapped" using a beam of IT-mesons from the Berkeley 

Bevatron accelerator, measuring the pulse heights produced at different 

areas over the surface of the counter. A spatial nonuniformity of only 

5 percent was obtained by this system. For the cesium iod-ide deteerors, 

which were each viewed by only a single phototube, we found an end--zo-end 

variation in pulse height of 35 percent. One can compare this with ar 

end-to-end variation of 20 percent for a plastic scintillator of compar- 

able dimensions. 

Electronics 

The photomultiplier tubes were made to have adequate dynamic range 

to observe nuclei of charge one to twenty-six. A tapered resistor 

divider string was used with the photomultipliers to prevent space 

charge saturation of the final dynodes. To obtain more easily the 

dynamic range needed, pulses from both the anode and next-to-last dynode 

were used by the pulse height analysis electronics. Before we achieved 

our specification (a pulse height analysis system with a dynamic range 

of 500 and 1/2 percent temperature stability from 0 O C  to 60 " C ) ,  we \ad 

to perform extensive mdifications on the commercial linear gates, 

The electronic response to light in the scintillator was not Iicoar, 

sue to some saturation in the analog-to-digital converter. This effect 

did not reduce the charge resolution, however, because it proporticnallv 



narrowed both the pulse height distributions and the spacing in pu-lse 

height between neighboring elements. Kcreover, we had a consistency 

check for elements between charge three and ten, since these data 

appeared on-scale in both the anode and dynode pulse height analysis 

channels. Each channel was divided into 1024 bins. 

The photomultiplier pulses ranged linear in amplitude from several 

millivolts to 1 volt. After the pulses were gated in the linear gate 

system and digitized in the analog-to-digital converters, the results 

were read into a digital scanner. This unit buffered the digital bits 

from the pulse height analysis units together with the time-of-flight 

measurement result, the frame number, and the various other information 

to be displayed on the data board. After the data board lights were 

flashed, the information was strobed from the buffer, converted into a 

serialized bit string, and telemetered to the ground for our real-time 

analysis. 

Resolution of the Charge Measuring System 

The final resolution of a charge measuring system is set by statis-. 

tical fluctuations in the collected photoelectrons of the viewing system, 

by Landau fluctuations in the energy deposition, by saturation in the 

8 scintillation mechanism, and by residual error in the spatial and 

angular corrections to the pulse height. The cesium iodide scintillators 

9 
also had the property that their light output was temperature-sensitive. 

To meet this final difficulty, we monitored the temperature of the cesiuw 

LoS.ide crystals throughout the flight with several of the housekeeping 

telemetry channels. This correction did not prove to be necessary, 

however, since the temperature of the crystal-s varied during the data- 

ta?cFng by only 2 OC. 



The spark chamber information was used t o  reduce the variat ion f r o s  

spa t i a l  and angular e f f ec t s  t o  a negligible level .  The e f f ec t  on reso- 

lu t ion  due t o  s t a t i s t i c a l  f luctuat ions  i n  photoelectrons was about 

AZ = k0.4 f o r  the  p l a s t i c  s c i n t i l l a t o r s ,  and 20.2 f o r  the cesium iodide 

detectors.  Here, by AZ we mean the  half  width of the  pulse height d i s t r i -  

butions, normalized t o  the  spacing between elements. The combined pulse 

heights from our three detectors  improved the  charge resolution giving 

approximately AZ = k0.15. 

We employed cesium iodide i n  our apparatus i n  an attempt t o  d i s t in -  

guish be t t e r  the  highly ionizing par t ic les .  Saturation s e t s  in a t  vuch 

la rger  ionization f o r  the cesium iodide than it does f o r  the p l a s t i c  

s c i n t i l l a t o r .  However, our data showed t h a t  sa turat ion i n  the s c i n t i l -  

l a t o r  was not an important e f f ec t  a s  f a r  a s  charge resolution was con- 

cerned u n t i l  we were measuring elements above neon. 

The pulse height d i s t r ibu t ion  f o r  some of our Z 2 3 data appears 

i n  Figure 8. The three  counters have been averaged together and all 

corrections applied. Analysis of the  data i n  Figure 8 shows t h a t  our 

resu l t ing  Z resolution i s  40.15 charges, and t h a t  there is  a very small 

( l e s s  than 4%) overlap between equal-abundance neighboring elements., 

This resolution is  what we would expect from our sources of uncertainty 

described above. 

SUMMARY AND ACKNOWLEDGMENTS 

We believe the superconducting magnetic spectrometer technique can 
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ments, which were formerly impossible, can now be made; f o r  exampie, 

the  separate measurement of high energy electron and positron cosmic 



ray  spect ra ,  the  search f o r  ant i-matter  i n  t h e  cosmic rays ,  and the  

separa t ion  of cosmic ray  isotopes.  Phys ic i s t s  have been r e s t r i c t e d  i n  

t h e i r  information about t h e  g a l a c t i c  cosmic rays due t o  uncer t a in t i e s  
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energies. The magnetic spectrometer extends t h e  range of measurable 
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anti-nuclei .  

The successful  design, t e s t i n g ,  and f l i g h t  of t h i s  gondola would 

not  have been poss ib le  without the  s k i l l  and perseverance of the  
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Table 1. Specifications . 

Weight of gondola 4,000 pounds 

Charge resolution k0.15 charge 

TOP momentum (1 sigma) 285 GV/C 

Gondola shell 8 ft diam; average thickness, 3 mm 
- 

Total material in "beam" 

0.12 interaction lengths 

0.42 radiation lengths 

Spark chambers Two pairs of modules 100 x 100 cm 

Two pairs of modules 80 x 80 cm 

10 kV applied to spark chambers 

Detectors Two: 40 X 40 x 3/8 inch Pilot Y (sl, S 3 )  

Two: 7 x 20 x l/4 inch Pilot B (S2~. IZL) 

Two: 7 x 20 x 1/8 inch CsI (Na) (CsIR, CsHLl 

Two: 24-inch diam x 1/4 inch Pilot B 
(Anti R, Anti L) 

Dead time 
(for camera operation) 218 msec 

Two: 200 amp-hour, 28-V packs and 

Two: 100 amp-hour, 28-V packs 

Shielding Weight: 10 pounds/shield for 2-inch photo- 
multiplier tube (10 inches long, 3-inch OD) 

Optics Demagnification, average factor of 62 

Real space resolution, 0.1 mrn 

Magnet 30-mil wire with 15-mil Nb-Ti core 

Short sample characteristics, 150 amp 
at 60 kG 

12,800 turns on coil 



Threshold setting 

on S 
1 ' S2, and S 

3 

Table 11. Trigger rates. 

Anti status 

IN 

OUT 

IN 

OUT 

IN 

OUT 

Gated rate 

(events/min) (events/min) 



FIGURE CAPTIONS 

Fig. 1. Assembled SSCM gondola. 

+ -+ 
Fig. 2. SSCM d i f f e r en t i a l  geometry factor  versus in tegra l  B dl. 

Fig. 3 .  Schematic SSCM detectors  and cryogenics. 

Fig. 4. Electronics t r igger  logic.  

Fig. 5. Spark chamber pulser system. 

Fig. 6. P lo t  of the  goodness of f i t  X of four-spark helium segments 

s t r a igh t  l i ne .  Smoth curve shows the  expected shape for 

a pure gaussian d i s t r ibu t ion  with 0 = 0.14 mm/spark. 

Fig. 7 .  Plo t  of straight-through (magnet OFF) events analyzed as 

~ u r v e d  tracks.  

Fig. 8. Histogram of average pulse heights of S1, S 3 ,  and C s I  (R) anodes 

(722 events) .  





Fig. 2. L, F, S m i t h  
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